The ABO 3 perovskite oxides exhibit a wide range of interesting physical phenomena remaining in the focus of extensive scientific investigations and various industrial applications. In order to form a perovskite structure, the cations occupying the A and B positions in the lattice, as a rule, should be different. Nevertheless, the unique binary perovskite manganite Mn 2 O 3 containing the same element in both A and B positions can be synthesized under high-pressure high-temperature conditions. Here, we show that this material exhibits magnetically driven ferroelectricity and a pronounced magnetoelectric effect at low temperatures. Neutron powder diffraction revealed two intricate antiferromagnetic structures below 100 K, driven by a strong interplay between spin, charge, and orbital degrees of freedom. The peculiar multiferroicity in the Mn 2 O 3 perovskite is ascribed to a combined effect involving several mechanisms. Our work demonstrates the potential of binary perovskite oxides for creating materials with highly promising electric and magnetic properties.
P erovskite structures of transition-metal oxides provide an unprecedented playground for condensed-matter physics and materials science. They exhibit numerous exciting phenomena and functional properties, such as exotic magnetism, ferroelectricity, high-T c superconductivity, colossal magnetoresistance, charge/orbital ordering, significant thermoelectricity, giant negative thermal expansion, photoelectricity, multiferroicity, etc [1] [2] [3] [4] [5] . There are two different cation sites in the ABO 3 perovskite structure, namely, B-sites that are octahedrally coordinated by oxygen and A-sites that are cuboctahedrally coordinated and often heavily distorted 6 . Small and highly charged transition-metal cations normally occupy the B-sites, but they are hardly suitable to occupy the large 12-coordinated A-sites. A partial filling of the A-positions with transition metals is possible in a unique class of A-site-ordered perovskites, e.g., in such manganites as (AMn 3 )Mn 4 O 12 (A = Na, Ca, La, Bi) [7] [8] [9] [10] . The full occupation of the A-sites with transition metals would yield a B 2 O 3 binary perovskite, but until recently this remained a formidable challenge.
Recently, the first binary perovskite oxide, Mn 2 O 3 , was synthesized under high-pressure and high-temperature (HP-HT) conditions 11, 12 . It is worth mentioning that it was found by a single-crystal X-ray diffraction technique that Fe 2 O 3 also adopts a perovskite structure at HP-HT conditions being, however, not quenchable to ambient pressure 13 . The Mn cations show variable charge states (e.g., Mn 2+ , Mn 3+ , and Mn 4+ ) with ionic radii, and, in particular, the Mn 2+ cation is sufficiently large to be accommodated in the A-position of the perovskite structure. Using synchrotron X-ray diffraction (SXRD), electron diffraction, annular bright-field scanning transmission electron microscopy (ABF-STEM), and electron energy loss spectroscopy (EELS) 11, 12 , we demonstrated that the perovskite-type Mn 2 O 3 can be represented as (Mn 2+ Mn 3+ 3 )Mn 3.25+ 4 O 12 , given different oxidation states of Mn depending on the crystallographic position.
As shown in Fig. 1 , the crystal structure of perovskite-type Mn 2 O 3 is determined within the a = 4a p supercell 11 . It is a distorted variant of the AA′ 3 B 4 O 12 quadruple perovskites with an in-phase a + b + c + octahedral tilt according to the Glazer notation 14 . As all the A-sites are occupied by the Mn ions, the octahedral tilt is significant, reaching about 15-18°( Fig. 1a ). The Mn B -O interatomic distances are in the range of 1.82-2.20 Å so that the Mn B O 6 octahedra are significantly deformed. A distorted square-planar first coordination sphere for the Mn A′ cations with the Mn A′ -O distance in the range of 1.81-2.09 Å is created due to the cooperative tilt of the Mn B O 6 octahedra. The second coordination sphere of the Mn A′ cations includes one to two oxygen atoms positioned at much larger distances of 2.33-2.37 Å. Consequently, the complete coordination environment is a distorted tetragonal pyramid or octahedron. Due to the rotation and distortion of the Mn B O 6 octahedra, a distorted octahedral environment for the Mn A cations with the Mn A -O distances in the range of 2.24-2.69 Å is created.
One unique feature of this binary perovskite Mn 2 O 3 is that all the A-and B-site cations can be magnetically and electrically active, thus leading to an interplay of multiple structural and electronic instabilities 15, 16 . Besides the conventional Mn B -O-Mn B interaction path, the binary perovskite has additional paths through the A-cations along the chains of Mn A′ -O-Mn B , Mn A -O-Mn B , Mn A -O-Mn A′ , and Mn A′ -O-Mn A ′ . The highly distorted and tilted structure along with the competing multiple interactions could induce unexpected interplay of different properties in the binary perovskite Mn 2 O 3 , compared to those known in conventional perovskite oxides. More details of the crystal structure of the perovskite-type Mn 2 O 3 may be found in earlier publication 11 .
In this work, we report the observation of a spin-induced multiferroicity in this unique Mn 2 O 3 perovskite. The coexistence of magnetism and ferroelectricity in perovskites, such as BiFeO 3 (ref. 17 ) and TbMnO 3 (ref. 18 ), renders such compounds an interesting field of research and creates potential for industrial applications [19] [20] [21] . In the last decade, a large number of multiferroic materials with different mechanisms of magnetoelectric (ME) coupling were discovered. However, binary oxides showing multiferroicity are rare. CuO (refs. [22] [23] [24] , Fe 3 O 4 (ref. 25 ), and Fe 2 O 3 (ref. 26 ) are the few known examples reported so far. Mn 2 O 3 represents the first example of multiferroic binary oxide with the unusual perovskite structure.
Results
Multiple magnetic transitions in the binary perovskite Mn 2 O 3 . The magnetic susceptibility (χ) of the Mn 2 O 3 perovskite measured in a low magnetic field (H = 500 Oe) is presented in Fig. 2a . At temperatures above~180 K, it follows the Curie-Weiss law χ = C/(T-θ) with the Curie-Weiss temperature θ = -327 K. The negative θ value suggests predominantly antiferromagnetic (AFM) interactions between the Mn ions. At low temperatures, the Mn 2 O 3 perovskite undergoes two magnetic transitions at T 1 = 101 K and T 2 = 49 K, as further confirmed by heat capacity measurements. Since the magnetic ordering occurs at temperatures much lower than |θ|, strong magnetic frustration is present in the system. The drops of χ with decreasing temperature reflect the AFM nature of both transitions (Fig. 2) . However, the magnitudes of these dips are small, and the magnetic susceptibility χ starts increasing again only a few Kelvin below T 1 (T 2 ). These features suggest that only a partial magnetic ordering occurs at both transitions. A group of the magnetic Mn cations may remain disordered because of the frustration and become randomly frozen at low temperatures, as indicated by a divergence between the ZFC and FC susceptibility curves below~5 K. Furthermore, the low-temperature transition at T 2 is clearly suppressed in a high magnetic field (Fig. 2b) . In contrast, the high-temperature transition at T 1 is not affected even by a strong magnetic field of 7 T (Fig. 2c ). The AC magnetic susceptibility exhibits a frequency-dependent peak around 5 K ( Fig. 2d ) and the magnetization at 2 K is far from saturation up to 12 T ( Fig. 2e ). These features further suggest a short-ranged ordered magnetic state at low temperatures.
In order to examine structural changes upon the lowtemperature magnetic transitions, we carried out highresolution powder X-ray diffraction studies at the ID22 beamline of the European Synchrotron Radiation Facility (Grenoble, France) at temperatures below 150 K. Rietveld refinements of these XRD patterns showed the persistence of the original roomtemperature structure across the transitions. At the lowest temperature of 5 K we reached in these experiments, we found the same face-centered triclinic F 1 structure with the unit cell parameters a = 14.6505(5) Å, b = 14.6300(5) Å, c = 14.6394(7) Å, α = 89.306(4)°, β = 89.288(4)°, γ = 89.293(7)°, V = 3137.1(1) Å 3 , and Z = 64. Temperature evolution of the unit cell volume of perovskite Mn 2 O 3 demonstrates the anomalies at the magnetic transitions ( Fig. 1c ). One can see that the magnetic ordering leads to minor volumetric effects, indicating the presence of magnetoelastic coupling.
Neutron powder diffraction data. Further insights into the nature of the magnetically ordered states of perovskite-type Mn 2 O 3 are gained from neutron powder diffraction (NPD) data shown in Fig. 3a, b . Due to a complex character of the triclinic F 1 crystal structure with 20 symmetry independent magnetic sites per unit cell, solution of the magnetic structures is an extremely challenging problem. To impose some symmetry restrictions, we adapted an approach, which uses the higher-symmetry R 3 approximation for the crystal structure and is based on the knowledge of the magnetic structures in closely related A 2+ Mn 7 O 12 (A 2+ = Ca, Sr, Pb and Cd) quadruple manganites [27] [28] [29] . This approach is well justified, owing to the fact that the triclinic distortion is very small 11 and could not be resolved in our high-resolution neutron powder diffraction data. The trigonal R 3 space group with a large unit cell a 2 ffiffi ffi 2 p a p and c 4 ffiffi ffi 3 p a p is an isotropy subgroup, associated with the k S = (0,0,3/4) propagation vector 30, 31 of the R 3 group, having a smaller unit cell size a 2 ffiffi ffi 2 p a p and c 4 ffiffi ffi 3 p a p . The latter structural model was used as the parent structure for the magnetic structure solutions and Landau free-energy decomposition in the A 2+ Mn 7 O 12 manganites [27] [28] [29] . We also used the R 3 (a 2 ffiffi ffi 2 p a p , c 4 ffiffi ffi 3 p a p ) symmetry in our analysis, which allowed us to drastically reduce the number of symmetry unrelated sites and resulted in successful determination of the spin structures in both magnetic phases of Mn 2 O 3 (Fig. 4 ).
In the temperature range of 49 K < T < 101 K, the magnetic structure is a longitudinal spin-density wave (Fig. 4a ) with the propagation vector k 0 = (0,0,9/8) locked to the structural modulation through the relation k S + 2k 0 = 3. It is remarkable that, apart from the fundamental k 0 component, a presence of a sizable third harmonic 3k 0 ≡ (0,0,3/8) is clearly visible (Fig. 3a) , revealing essentially anharmonic character of the modulated magnetic structure. The magnetic space group of this anharmonic spindensity wave is R I 3, which implies a non-polar nature of the lock-in magnetic phase. The corresponding Fourier coefficients for the four symmetry independent Mn sites in the parent structure, refined from the data collected at T = 60 K, are given in Supplementary  Table 1 . In addition, the magnetic structure details of this hightemperature phase are presented in Supplementary Figure 1 .
Below T 2 , the magnetic propagation vector k 0 de-locks from the structural modulation giving rise to an incommensurate 
Magnetic properties of the perovskite-type Mn 2 O 3 . a Temperature dependence of DC magnetic susceptibility measured in the field of 500 Oe with both the zero-field-cooling (ZFC) and field-cooling (FC) modes. This curve distinctly demonstrates two magnetic transitions at T 1 = 101 K and T 2 = 49 K. The inset shows a Curie-Weiss fit of the paramagnetic susceptibility. b, and c shows an effect of applied magnetic field on the above-mentioned magnetic transitions. While the transition at T 2 is apparently suppressed by application of a 7 T field, the transition at T 1 is very weakly affected by 7 T field. d AC magnetic susceptibility as a function of temperature. The frequency dependent peak around 5 K suggests a short-range ordered magnetic state. e The M-H curve at 2 K showing no saturation of magnetization up to 13 T NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05296-0 ARTICLE ground state (Fig. 4b) . Apart from k 0 , a set of additional magnetic reflections is observed, which can be indexed using propagation vectors from the series k n± = k 0 ± nk S (n = 0, 1, 2…), similar to the multi-k ground state of A 2+ Mn 7 O 12 manganites 28, 29 . This observation strongly supports the presence of 3:1 (Mn 3+ :Mn 4+ ) charge order and orbital density wave in the system and reveals a crucial role of the magneto-orbital coupling 28, 29, 32 . The diffraction patterns provide evidence for the four distinct magnetic components, with k 0 = (0,0,1.2439(3)), k 1+ = (0,0,1.0060(3)), k 1 − = (0,0,0.4940(3)) and k 2+ = k 2− (0,0,0.2560(3)) at T = 1.5 K, which were combined to get a constant-moment phasemodulated cycloid (Fig. 4b ). This remarkable magnetic structure results in a good refinement quality ( Fig. 3) and naturally explains the multiferroic properties below T 2 (as described in the next section). The magnetic point group is triclinic 1′ and sets no restrictions on the polarization direction. In addition, the symmetry allows an admixture of a helical component similar to the ground state of A 2+ Mn 7 O 12 manganites 28, 29 . A tilting of the plane of the spin rotation by 20(2) degrees from the c-axis further improves the refinement quality, implying that the magnetic structure is very general and combines both the major cycloidal and the minor helical components (see Supplementary  Table 2 for details). The above propagation vectors characterizing magnetic orders in the perovskite Mn 2 O 3 are completely different from those found earlier in the cubic bixbyite α-Mn 2 O 3 33 . The magnetic structure details of this low-temperature phase are presented in Supplementary Figure 2 . Fig. 5a . There is a clear dielectric peak with a thermal hysteresis at T 2~4 9 K. The position of the dielectric peak does not shift with frequency. These features indicate a first-order ferroelectric phase transition induced by the onset of the magnetic ordering at T 2 . However, no apparent dielectric anomaly is detected around the magnetic transition at T 1 = 101 K. To confirm the ferroelectricity, the pyroelectric current measurements are performed from 2 K to 120 K with both positive and negative E-field poling (see Supplementary Figure 3 ). Two pyroelectric peaks are observed in the temperature range investigated. The pyroelectric peak around 49 K is consistent with the magnetic transition at T 2 . When the poling electric field is reversed, the sign of pyroelectric peak is also reversed (Fig. 5b) . Moreover, the position of this pyroelectric peak at T 2 does not shift with the heating rate (see Supplementary Figure 4 ). These features strongly suggest an intrinsic ferroelectricity below T 2 . There is another pronounced peak around 80 K which does not coincide with any magnetic or structural phase transition and is independent of external magnetic fields (see Supplementary Figure 5 ). It could be due to extrinsic factors such as space trapped charges at grain boundaries. We note that a broad and high pyroelectric peak was often reported in the quadruple perovskite manganites such as CaMn 7 O 12 , and its origin is quite controversial 27, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] .
To further clarify whether the pyroelectric peak at elevated temperatures corresponds to intrinsic ferroelectricity or not, we employ polarized second harmonic generation (SHG) technique with the 90°reflection geometry (see Supplementary Figure 7 ). The SHG signals obtained at high temperatures (120 and 70 K) are almost zero. In contrast, a non-zero SHG signal is visible at 40 K, which corroborates the emergence of the electric polarization at low temperatures. The SHG results further confirm that the broad peak of the pyroelectric current at high temperature (80 K) is due to extrinsic factors, whereas the spin-induced ferroelectricity below T 2 = 49 K is the intrinsic feature of our material. More importantly, these results for the perovskite Mn 2 O 3 cast doubts concerning large polarization values which are often reported for quadruple perovskites of this family. For example, the giant ferroelectricity in CaMn 7 O 12 reported previously could be delusive, whereas, intrinsic ferroelectricity below T 1 may be, in fact, rather weak.
The electric polarization (P) as a function of temperature is obtained by integrating the pyroelectric current with time after subtracting the background current (see Supplementary Figure 6 for more details). Figure 5c, d shows the poling electric field dependence of P. The value of the polarization increases steadily with increasing poling electric field, and reaches~30 μC m −2 at E = 0.55 MV m −1 .
In the low-temperature ferroelectric phase stabilizing below T 2 = 49 K, a pronounced ME effect is clearly observed. As shown in Fig. 6a , the pyroelectric peak around T 2 is gradually suppressed by increasing external magnetic field. This behavior is consistent with the magnetic susceptibility around T 2 (Fig. 2b) , at which the magnetic transition is smeared out in high magnetic fields. Consequently, the electric polarization P below T 2 decreases with increasing magnetic field (Fig. 6b) , yielding a strong ME effect.
Discussion
Below, we discuss a possible mechanism of spin-induced multiferroicity in the perovskite-type Mn 2 O 3 . The appearance of the ferroelectric polarization in spin-induced improper multiferroics can be generally understood in terms of either the spin current The extremely complex magnetic structure of the Mn 2 O 3 perovskite combines both cycloidal and helical components, which generate polarization through different mechanisms. A spin cycloid is a naturally polar object whose polarization is proportional to a double vector product k×(S i ×S j ), where the spins S i and S j rotate, propagating along k 47 . In the case of the Mn 2 O 3 perovskite, the phase-modulated cycloid combines four distinct sub-components with k = k 0 , k 1+ , k 1− and k 2+ ≡ k 2− generating their own polarizations in the plane perpendicular to the c-axis (considering the trigonal approximation for the crystal structure).
To the contrary, spin helix is non-polar, unless the crystal structure, on top of which the spin ordering takes place, belongs to a ferroaxial crystal class 27, 48 . The trigonal (triclinic) crystal structure of perovskite-type Mn 2 O 3 indeed satisfies this criterion, implying that the ferroaxial mechanism is relevant as well, and generates polarization along the c-axis. Apparently, the very general character of the magnetic structure is the key ingredient of the great tunability of the electric polarization by applied magnetic field. Significant modifications of the structure, like tilting of the spin plane, do not require symmetry breaking and can gradually occur under external perturbations. This, in turn, changes the relative contributions of the different mechanisms to the polarization, resulting in its strong field dependence.
Thus, the perovskite-type Mn 2 O 3 represents a unique example of a binary multiferroic oxide that adopts a complex distorted perovskite structure and demonstrates spin-induced ferroelectricity with a strong ME effect. In this material, the A-position is fully occupied by the transition-metal cations and, therefore, the role of the A-sites is greatly amplified, leading to more fascinating properties that would not be expected in the conventional ABO 3 perovskites. The combination of octahedral tilting and deformation, Jahn-Teller distortion, charge/orbital ordering, and multiple magnetic interactions opens up a valuable playground both for designing and engineering of new materials and for investigation of challenging fundamental physical phenomena. Although, bulk samples of the perovskite-type Mn 2 O 3 were synthesized at HP-HT conditions, the high-pressure perovskite phase can also be stabilized through epitaxial strain in thin films. Fabrication of such binary perovskites at ambient pressure will be an attractive topic in the future.
Methods
Sample preparation and characterization. Fine polycrystalline samples of the perovskite-type Mn 2 O 3 were synthesized under HP-HT conditions (~20 GPa and 1200-1400 K) using multi-tonne multi-anvil presses at BGI (Universität Bayreuth, Germany) 49 . Details of the synthesis procedures were the same as in previous work 11 . The chemical composition of the samples was examined by scanning electron microscopy (SEM) at a LEO-1530 instrument, microprobe analysis at a JEOL JXA-8200 electron microprobe, and by ICP-MS bulk chemical analysis. The crystal structure of the samples was studied at ambient conditions by means of powder X-ray diffraction (XRD) at high brilliance Rigaku diffractometer. The XRD studies of the sample at different temperatures were carried at a high resolution powder diffraction beamline ID22 (former ID31) at the European Synchrotron Radiation Facility (Grenoble, France) with the wavelength of λ = 0.39993 Å.
Magnetic and electric measurements. DC and AC magnetic susceptibility were measured on a Quantum Design magnetic properties measurement system (MPMS). The temperature and magnetic field dependence of dielectric constant and pyroelectric currents were measured by using a homemade probe on a Cryogen-free Superconducting Magnet System (TeslatronPT, Oxford Instruments). The dielectric constant was measured by using a LCR meter (Aglient 4980A). After poling the sample in an electric field with the cooling process, the pyroelectric current was measured by an electrometer (Keithley 6517B) during the warming process with a constant rate.
Neutron diffraction measurements. Two sets of neutron powder diffraction data were collected; one at the ISIS pulsed neutron and muon facility of the Rutherford Appleton Laboratory (UK) on the WISH diffractometer and another at the IBR-2 high-flux pulsed reactor (FNLP Dubna, Russia) on the DN-12 diffractometer. In both cases, samples (∼40 mg) were loaded into a cylindrical vanadium cans and measured in the temperature range of 1.5-120 K using an Oxford Instrument Cryostat and 10-200 K using a He-close cycle refrigerator, respectively. Rietveld refinements of the crystal and magnetic structures were performed using the Fullprof program against the data measured in detector banks at average 2θ values of 58°, 90°, 122°, and 154°(WISH) and 45.5°and 90°(DN-12).
Data availability. The data that support the findings of this study are available from the corresponding authors upon reasonable request. 
